[1] We performed triaxial compressive creep tests to study water weakening of clinopyroxenite in the diffusion creep regime. All tests were carried out on fine-grained samples at confining pressures between 100 and 300 MPa at temperatures of 1321 to 1421 K for water-saturated and 1398 to 1508 K for anhydrous conditions. Samples were prepared by hot-pressing ground powder of Sleaford Bay clinopyroxenite. Water was added to the sample during the run by dehydration of a talc sleeve. Water-saturated aggregates crept $30 times faster than aggregates under anhydrous conditions at a temperature of 1400 K and a pressure of 300 MPa. The stress exponent in both cases was $1, and the activation energies under water-saturated and anhydrous conditions were 340 ± 30 and 760 ± 20 kJ/mol, respectively. Under water-saturated conditions creep rate increased with increasing water fugacity to the power 1.4 ± 0.2 with an activation volume for creep of 14 ± 6 Â 10 À6 m 3 /mol. Comparison of the water weakening in aggregates of clinopyroxene, olivine, and anorthite deformed in the diffusion creep regime indicates that the creep strength of clinopyroxene has a stronger dependence on the water fugacity than do the creep strengths of olivine and anorthite. In water-rich environments, clinopyroxene will be the weakest component in polycrystalline rocks composed of these phases.
Introduction
[2] Experimental determination of creep strength of clinopyroxene bearing aggregates provides a crucial constraint on quantifying the flow behavior of the lower crust. Fe-bearing diopside is a major mineral in high-grade metamorphic core complexes, crustal shear zones, continental cratons and the subcontinental mantle lithosphere. In high-grade metamorphic core complexes and shear zones, the crust is intensely deformed. While the uppermost crust deforms primarily by brittle faulting and fracturing, lower crustal aggregates deform predominantly by creep [Kusznir and Park, 1986] . Thus results from high-temperature laboratory creep tests are essential for characterizing lower crustal flow.
[3] Chemical environment plays an important role in determining the viscosity of the rocks. For example, a trace amount of water significantly alters the creep strength of silicates through its effect on the point defect population [Post et al., 1996; Kohlstedt, 2000a, 2000b; Rybacki and Dresen, 2000] . In nature, rocks in ductile shear zones are often deformed in the presence of water released during metamorphism of hydrous minerals [Barnes et al., 2004] . The influence of water can be quantified with experiments on aggregates containing controlled concentration of water-derived point defects. The results from such experimental studies are essential in understanding the influence of volatiles on the viscosity of the lower crust in metamorphic core complexes and ductile shear zones.
[4] A number of studies have investigated the creep strength of both clinopyroxene single crystals [Raterron and Jaoul, 1991; Ingrin et al., 1991] and polycrystalline aggregates [Bystricky and Mackwell, 2001; Dimanov et al., 2003 ] under anhydrous conditions. Recently, Bystricky and Mackwell [2001] determined the viscosity of natural and synthetic aggregates of clinopyroxene under anhydrous conditions at temperatures between 1373 and 1523 K and pressures between 300 and 430 MPa. Dimanov et al. [2003] reported viscosities of synthetic diopside aggregates at crustal temperatures and atmospheric pressure. These recent studies provide an important estimate of the viscosity of a dry lower crust.
[5] Creep strength of clinopyroxene aggregates under water-saturated conditions has not been investigated so extensively. In constant strain rate tests on Sleaford Bay clinopyroxenite at 300 MPa at 1263 to 1543 K, Boland and Tullis [1986] observed a substantially lower creep strength in samples with 0.5-1 wt % added water than samples deformed under nominally anhydrous conditions in the dislocation creep regime. Bystricky and Mackwell [2001] also noticed a water-weakening effect in a few of their undried samples. To systematically investigate the influence of water on viscosity, we performed triaxial compressive creep tests on synthetic clinopyroxenite to quantify the water fugacity dependence of creep rate in the diffusion creep regime.
Materials and Methods

Sample Preparation
[6] In this study we used ground powder of Sleaford Bay clinopyroxenite, which contains clinopyroxene of composition Ca 0.97 Mg 0.78 Fe 0.26 Si 1.99 O 6 with trace amounts of Al, Mn, and Na (S. Chen, private communication, 2004) as well as a trace amount of P in addition to 5% quartz and <1% apatite [Mauler et al., 2000, section 3 .1]. The powder was predried at 1373 K for 10 hours in a 1-atm, controlledatmosphere furnace. The oxygen fugacity in the furnace was fixed near the Ni-NiO phase boundary by flowing a 45:5 volumetric mixture of CO 2 :CO through the furnace. After drying and prior to cold pressing, the powder was stored in a vacuum oven at 413 K.
[7] Subsequently, the powder was cold pressed in small increments into a Ni can. After each incremental addition, the powder was pressed under an uniaxial stress of $150 MPa. The density of the cold-pressed compact was 1880 -1990 kg/m 3 , that is, 55 -60% of the theoretical density. In different hot press runs, the compacts were hot pressed at temperatures between 1423 and 1523 K and 300 MPa for 3 -6 hours at an oxygen fugacity near the Ni-NiO phase boundary, as evidenced by the presence of a thin NiO layer at the sample-Ni can interface at the end of the run. After the hot press, the density of the sample was 3370 kg/m 3 as determined both by the Archimedes method and from the geometry and weight of the sample. The average porosity of the hot-pressed samples, measured from reflected light optical micrographs of polished sections of the samples, was 1 vol %. Only the hotpressed sample PI-955 was further annealed in a 1-atm furnace at a controlled oxygen fugacity of 10 À10 MPa (near the Ni-NiO phase boundary) at 1373 K for 10 hours to compare the infrared spectra from this sample with those from the other samples that were not annealed any further after hot pressing. Small disks of the hot-pressed and annealed material were kept for analysis of the grain size of the samples prior to deformation.
[8] The starting materials for experiments under anhydrous and water-saturated conditions were prepared in similar manners. Thus the starting grain size, porosity and moisture content were similar for all samples except for the sample PI-955, which, as noted above, was separately annealed after the hot press. The average grain size in this sample was larger than in the samples that were only hot pressed. After the hot press, the samples for deformation experiments were shaped into cylinders 15 mm in length and 7.5 mm in diameter.
[9] For an experiment carried out under water-saturated conditions, the sample was wrapped in 125 mm thick Ni foil and placed inside a talc sleeve. The talc sleeve devolatilized at T > 1075 K, providing water for the sample during the high-pressure deformation experiment. The Ni foil prevented solid-state reaction between talc and clinopyroxene and also buffered the oxygen fugacity of the sample. The whole assembly was placed into a Ni capsule, which was subsequently sealed by arc welding a cover onto the capsule to minimize loss of water during the run. A metal heat sink was used to prevent heating and devolatilization of the talc sleeve during arc welding. To form a deformation column, the capsule and the Al 2 O 3 pistons were placed inside an Fe jacket.
[10] Sample assemblies for the deformation tests carried out under anhydrous conditions were prepared in a slightly different way. Cylindrical samples were placed inside Ni sleeves, and thin discs of Ni foil was placed at the ends of the Ni sleeves to isolate the samples from the Al 2 O 3 pistons, thus preventing solid state reactions between them. Details including grain size, pressure, and temperature of the hot press and deformation runs are summarized in Table 1 .
Deformation
[11] Triaxial compressive creep experiments were performed in a gas-medium deformation apparatus [Paterson, 1990] . The minimum principal stresses s 2 and s 3 equaled the confining pressure. An axial force was applied parallel to the length of the sample. The force on the sample was measured by an internal load cell and controlled to a precision of 0.5 kN. Since plastic deformation is volume conservative, the instantaneous area of the sample was calculated from knowledge of the volume of the sample by measuring the instantaneous length of the sample using a linearly variable differential transformer (LVDT). The deviatoric stress for each load step was calculated using the instantaneous values of force and area. While calculating the deviatoric stress on the sample, correction was made for the strength of the Fe jacket, the Ni capsule, and, in case Mei and Kohlstedt [2000a] .
[12] The temperature of the sample was measured using an R-type (Pt À Pt + 13% Rh) thermocouple. The furnace was calibrated prior to each experiment to ensure that the temperature variation was <1 K along the length of the sample. While some samples were deformed at more than one temperature, others were deformed at a single temperature. The data from tests at multiple temperatures were used for determining the activation energy for deformation of the aggregate. The deformation experiments under anhydrous conditions were performed between 1398 and 1508 K. The deformation experiments under water-saturated conditions were performed between 1321 and 1421 K. For the experiments carried out under anhydrous conditions, we chose experimental temperatures close to those of [Bystricky and Mackwell, 2001 ] to facilitate comparison of the flow parameters from the two data sets.
[13] To test for possible strengthening of the sample due to grain growth and/or dehydration during deformation experiments, sometimes a specific deviatoric stress was applied early in the run and then reapplied later such that the evolution of strain rate with time could be identified. In most cases, it was possible to correct for grain growth by normalizing the values of strain rate to a common grain size using a parabolic grain growth law and an inverse cubic dependence of strain rate on grain size (see sections 2.4 and 2.5 for more details).
[14] After the deformation experiments were completed, the samples were cooled to room temperature at $100 K/min under load to minimize recovery of deformation-induced microstructures. Pressure was simultaneously decreased at $0.1 MPa/s. After each deformation experiment carried out under hydrous condition, a small hole was filed into the side of the sample capsule to test for the presence of water. A soap solution was placed over the region of interest to assist in the detection of either a liquid or a vapor phase. In each case, bubbles were observed, consistent with other experimental studies in our laboratory ( [Mei and Kohlstedt, 2000a] ; S. Chen, private communication, 2005) .
Sample Preparation for Analysis 2.3.1. Microstructural Analysis
[15] The deformed samples were cut through the center along their lengths, and polished slices, cut parallel to these sections, were examined with an optical microscope in both reflected and transmitted light in order to determine the grain size and examine aspects of the deformation-produced microstructure. These sections were first mechanically polished with diamond lapping films down to a grit size of 0.5 mm and subsequently chemically and mechanically polished with a colloidal silica suspension for 15-30 min to etch the grain boundaries. The reflected light optical images of the polished sections were then used for measuring the average grain size of the samples. We measured the initial and final two-dimensional (2-D) grain sizes for each run by determining the average intercept length of the grains with a square grid overlayed onto optical micrographs. The width of the grid was chosen to include the small size fraction without biasing the population by oversampling from the larger grain size. This goal was achieved by choosing a grid spacing of $3 mm. The 3-D grain size was calculated by multiplying the 2-D grain size by a factor of 1.5 [Gifkins, 1970] . We report only the 3-D grain size. Images from several different regions of the sample were used to minimize contributions from any local heterogeneity. The average intercept length was calculated from 400 to 600 measurements made from the micrographs. The polished sections were also observed with a JEOL 6500 field emission gun (FEG) scanning electron microscope (SEM) using secondary electron imaging to study the pore structure. Doubly polished thin sections of the samples were used to prepare foils for imaging with a transmission electron microscope (TEM) as part of an analysis of the distribution of pores in deformed aggregates. The thin sections were milled into thin foils in a Gatan Duo Mill using Ar ions incident at angles between 10°and 15°at voltage between 2 and 3 kV for 15 -25 hours. Subsequently the foils were ion polished to obtain a large electron transparent region in a Gatan Precision Ion Polishing System using Ar ions incident at an angle of 6°. TEM images were obtained using Philips CM30 and FEI Tecnai T12 FEG microscopes.
Hydroxyl Content Analysis
[16] Thin sections $130 mm thick, polished on both sides, were used for Fourier transform infrared (FTIR) spectroscopy. Two sets of spectra were collected from each sample. Several days after collecting the first set of spectra, each sample was dried in a vacuum oven at 413 K for 4 hours to eliminate moisture adsorbed on the sample surface, and a second set of spectra was collected. The OH concentration of the samples was determined from FTIR spectra obtained with transmitted, unpolarized IR radiation using the microscope attachment of a Nicolet Fourier transform infrared spectrometer with a resolution of 4 cm À1 . A total of 128 scans were accumulated for each spot, while several spectra from several spots were collected for each sample. The infrared beam was focused on the top surface of the sample using two aligned 1.5 mm apertures, one at the top and the other at the bottom. The diameter of the focused beam was $100 mm on the sample surface. In the 3500 -3700 cm À1 range of the spectra, the sharp bands laid on the shoulder of a broader band. We made a baseline correction by using linear fits beneath the peaks near 3640 and 3540 cm À1 and a cubic spline fit for the rest of the spectra. The OH contents of the samples were determined using the calibration for clinopyroxene from the work of Bell et al. [1995] :
where K(ñ) is the absorption coefficient at wave numberñ, I k is the integral extinction coefficient given by 1.16 cm
À2
per H/10 6 Si, and g is the orientation factor which is equal to 1/3 for an unpolarized beam passing through an isotropic aggregate [Paterson, 1982] .
Grain Size Correction
[17] Grains grew continually during a deformation experiment. Therefore, in a grain size sensitive creep regime, the strain rates at different time steps must be normalized to a constant grain size. Since it is only possible to directly measure the grain size at the beginning and end of an experiment, we estimated the grain size of a sample at any time during a run by using a parabolic grain growth law of the form [Bystricky and Mackwell, 2001] 
where d f and d o are the final and initial grain sizes, k and k o are grain growth parameters, Q g is the activation energy for grain growth, T is the absolute temperature, R is the universal gas constant, and t is the elapsed time. For a constant temperature run, separate evaluation of k o and Q g is not necessary, but for a multiple temperature run, both parameters need to be known. We used a nonlinear least squares fitting routine to calculate k o and Q g from the measured values of grain size, time, and temperature. However, the fitting routine failed to evaluate both parameters independently. Subsequently, we used Q g = 370 kJ/mol for both water-saturated and anhydrous aggregates, based on the results from the study of [Bystricky and Mackwell, 2001 ] on natural clinopyroxenite under anhydrous condition. With the limited data available on grain growth, we have chosen to make a zeroth-order approximation by using the same activation energy for hydrous and anhydrous conditions. The practical implication, therefore, is that the difference between the growth kinetics is assigned to k o . The parameters for grain growth law for each experiment are shown in Tables 2a and 2b . The grain size distributions of the starting material and the deformed water-saturated aggregate in Figure 1 clearly indicate that the average grain size increased during the run.
Data Analysis
[18] We fit the power law creep equation
to the creep data obtained from the experiments performed under anhydrous conditions using a nonlinear least squares , G = 64.9 GPa is the shear modulus of diopside [Bass, 1995] , d o = 10 mm is a reference grain size, d is the grain size, and Q is the activation energy for creep. Since the fit is made over all of the varied parameters (s, d, T), we will refer to the fit as the global fit. First, the quantities _ e o , n, p, and Q were obtained from the fit. The values of n and p were 1.0 ± 0.1 and À3.2 ± 0.3, respectively. Subsequently, we set n = 1 and p = À3, according to the Coble model of grain boundary diffusion controlled creep [Coble, 1963] and recalculated _ e o and Q, using the values from the previous fit as initial values.
[19] We fit equation (4) to the creep data obtained from experiments performed under water-saturated conditions using a three-step nonlinear least squares fitting routine:
where f H 2 O o = 1 MPa is a reference water fugacity and V* is the activation volume of creep under water-saturated conditions. In the first step, we fit the creep data obtained under water-saturated conditions at a confining pressure of 300 MPa and temperatures between 1323 and 1423 K to obtain _
, n, p, and Q using the same fitting routine used for the anhydrous case. In the next step, we fit the creep data obtained under water-saturated conditions at confining pressures of 100 to 300 MPa (f H 2 O = 97 À 280 MPa [Pitzer and Sterner, 1994] ) and at a temperature of 1323 K, all normalized to a common stress of 60 MPa, in order to obtain r and V*. In this step we used a fitting routine designed to extract only the values of r and V* at a fixed temperature. In the last step, we fit equation (4) to the same data set used in the first step, using the values of r and V* obtained from the second step, f H 2 O = 280 MPa, and P = 300 MPa, to recalculate Q and _ e o , using the routine employed in the first step.
[20] We determined the accuracy of the fit by a convergence criterion based on the quantity R 2 , the sum of residuals squared. The fitting routine iterated the fit until the quantity e, given by
was e 10 À7 , where R 2 (n) is the value of R 2 after the nth iteration.
Results
Flow Laws
[21] The values of the flow parameters in equations (3) and (4) calculated from the global fit are reported in Table 3 . The value of R 2 for the nonlinear least squares fit used to obtain the anhydrous flow parameters was 9.6 Â 10 À3 . The values of R 2 for the three successive nonlinear least squares fits on the data from the hydrous aggregates were 8.1 Â 10 À3 , 1.6 Â 10 À2 , and 8.1 Â 10 À3 .
[22] Strain rates of the deforming aggregates are plotted as a function of the differential stress, water fugacity, grain size, and temperature in Figures 2-7 . In all of our stress versus strain rate plots, the strain rates are normalized to a grain size of 10 mm using a grain size exponent of À3. The strengths of aggregates deformed under water-saturated and anhydrous conditions are compared in Figure 2 at T = 1423 K and P = 300 MPa. The plot in Figure 3 illustrates the dependence of strain rate on differential stress for aggregates deformed under anhydrous conditions. In two of the experiments under anhydrous conditions, PI-938 and PI-939, the samples were deformed to differential stresses up to 190 MPa. The slope of the stress-strain rate plot in Figure 3 increases from 1 for differential stresses of ]100 MPa to $2 for differential stresses^100 MPa. A similar plot in Figure 4 yields a linear relation between stress and strain rate for aggregates deformed under hydrous conditions. A nonlinear least squares fit of the pressurenormalized strain rate as a function of water fugacity in Figure 5 yields a fugacity exponent of r = 1.4 ± 0.2 and an activation volume of 14 ± 6 Â 10 À6 m 3 /mol. The slope of À3.3 ± 0.5 of the log-log plot of strain rate versus grain size of anhydrous aggregates in Figure 6 indicates Figure 1 . Grain size distribution of an aggregate before (PI-941) and after (PI-946) deformation. The undeformed aggregate was prepared by hot pressing a cold compact at 1473 K and 250 MPa without adding water. The deformation experiment was performed at 1321 T 1421 K and 300 MPa under water-saturated conditions. The average grain size is given by hdi. that the samples deformed in grain boundary diffusioncontrolled creep [Coble, 1963] .
Activation Energy
[23] We calculated the activation energy for creep for both water-saturated and anhydrous conditions from Arrhenius plots as well as from the global fits. The strain rates in the Arrhenius plot in Figure 7 are normalized to a common grain size of 10 mm and a common differential stress of 20 MPa using a linear relation between stress and strain rate and an inverse cubic dependence of strain rate on grain size. The resulting activation energies are 710 ± 20 kJ/mol and 330 ± 30 kJ/mol for the anhydrous and the water-saturated cases, respectively. Activation energies calculated from the global fit were 760 ± 20 and 340 ± 30 kJ/mol for the anhydrous and water-saturated cases, respectively. In Table 3 we report the value obtained from the global fit, since the fit was obtained by fitting a larger data set.
Hydroxyl Content Analysis
[24] The IR spectra from the hydrous aggregates revealed two sharp bands near 3650 and 3540 cm À1 . Spectra from the anhydrous aggregates exhibited only a broad band between 3500 and 3700 cm À1 . The broad band was not removed even after annealing the hot-pressed aggregate PI-955 at high temperature for an additional 10 hours prior to deformation, indicating no diffusive loss of hydroxyl during the annealing. No change was noted between spectra collected before and after drying the thin sections in vacuum oven for 4 h. We believe that the broad band in the IR spectra from all samples resulted from absorption by the OH dissolved in the glass phase which was present in all samples. Thus we eliminated the broad band from the spectra while performing the baseline correction. However, the sharp peaks in the spectra resulted from IR absorption by the OH point defects within the crystals evidenced by the absence of the sharp peaks in the aggregates deformed under anhydrous conditions, as illustrated in Figure 8 . The OH concentration in the crystal structure in the water saturated aggregates ranged between 100 to 200 ppm H/Si, whereas the OH concentration in the crystal structure of the anhydrous aggregates was <30 ppm H/Si. The OH concentration in the glass phase, calculated from the broad band was approximately 250 ppm H/Si. The OH content in the crystal structure is listed in Table 2b .
Microstructural Analysis
[25] The average grain size increased during each deformation experiment. The grain sizes at the beginning and the 
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end of each experiment, as well as grain sizes at the end of each load step during the experiments, calculated using the method described in section 2.4, are listed in Table 2a . In the hydrous aggregates, grains grew faster than in the anhydrous aggregates. The value of the grain growth parameter is k = 2.0 Â 10 À16 m 2 s À1 at T = 1378 K and P = 300 MPa, as calculated from the anhydrous aggregate PI-960. At identical pressure and temperature, k = 3.3 Â 10 À15 m 2 s À1 , as reported in Table 2a , for the watersaturated aggregate PI-948. Similar enhancement of the grain growth rate in the presence of water is also observed in olivine [Karato, 1989] . Reflected light optical images of the samples revealed that most of the grains were euhedral both before and after deformation. Grain size distributions obtained from optical images of polished sections were unimodal in deformed as well as undeformed aggregates.
[26] Secondary electron micrographs of polished sections of both anhydrous and hydrous aggregates indicate the presence of a small volume fraction of glass-filled pockets primarily along triple grain junctions and rarely along grain boundaries. In the secondary electron image in Figure 9 of the sample deformed under water-saturated conditions at 1376 K (PI-948), the grain-glass interfaces in the pocket are straight. The straight interfaces in the pockets and faceting of the grain boundaries suggest that the grains equilibrated with a glass phase in the pocket, which was apparently removed during chemical and mechanical polishing using colloidal silica. The fraction of such pockets is 1 vol % in both water-saturated and anhydrous aggregates.
[27] Transmission electron microscopy observations of the pockets revealed the presence of a glass phase in both water-saturated and anhydrous aggregates. The TEM image in Figure 10a illustrates the morphology of glass-filled pockets along grain boundary and triple grain junction. Notice a round inclusion of a second fluid phase (marked by an 'i') hosted in the lens-shaped grain boundary glass phase. The inclusion is an immiscible fluid phase within the Figure 9 . Secondary electron micrograph of a polished section from sample PI-948, deformed under watersaturated condition. The arrows mark two large pockets, one at a triple grain junction and the other at a four grain corner. glass. The TEM image in Figure 10b includes a glass-filled triple junction in the anhydrous aggregate PI-960. The white arrow in the image indicates nanocrystals possibly precipitated from the glass. Energy dispersive X-ray (EDX) analysis of this pocket indicated that the pocket is enriched in Si and P and depleted in Fe and Mg compared to the diopside crystals in the aggregate. The excess Si and P in the pockets is likely to be derived from the trace amount of apatite and silica present in Sleaford Bay clinopyroxenite [Mauler et al., 2000] .
Discussion
Activation Energy
[28] The activation energy for grain boundary diffusion creep decreases from 760 to 340 kJ/mol in going from anhydrous to water-saturated conditions. Hence the difference in viscosity between aggregates deformed under watersaturated and those deformed under anhydrous conditions will be more pronounced at temperatures lower than those used in our experiments.
[29] Our value for the activation energy for grain boundary diffusion creep of Sleaford Bay clinopyroxenite under anhydrous conditions is larger than that of 560 ± 30 kJ/mol determined by [Bystricky and Mackwell, 2001] , even though the same starting material and similar drying procedure were used in both studies. The source of this discrepancy is not immediately apparent. One difference between their experiments and ours lies in the magnitude of the differential stress used to deform samples. Because [Bystricky and Mackwell, 2001 ] explored the dislocation creep regime as well as the diffusion creep regime, differential stresses applied in their experiments tended to be higher than those used in our experiments. As a result, much of their data lie in the transition region between diffusion creep and dislocation creep, while most of our data lie more fully in the diffusion creep regime. Therefore our data possibly have better resolution for flow law parameters in the diffusion creep regime; however, this point deserves further exploration with additional laboratory experiments.
Hydroxyl Content
[30] The FTIR spectra from the polycrystalline aggregates consisted of signal from both amorphous and crystalline regions. Each spectrum was collected from a circular region $100 mm in diameter containing $3000 grains for an average grain size of 10 mm. Consequently, the incident beam was absorbed by OH present along grain boundaries, at triple grain junctions, and in the interior of the grains. The SEM and TEM images in Figures 9 and 10 illustrate that the aggregates contain a small volume fraction of glass-filled pockets in grain boundaries and triple grain junctions. As discussed in section 3.3, the OH dissolved in the glass-filled pockets gives rise to a broad background in the observed IR spectra. After performing baseline correction for the broad band, the hydroxyl concentration in the anhydrous aggregates were <30 ppm H/Si.
Influence of Melting
[31] Micrographs of our deformed and undeformed samples revealed the presence of 1 vol % glass in tubules along the edges of the clinopyroxene grains. In our samples none of the grains were surrounded by the melt. The presence of a melt phase confined primarily in triple grain junctions can cause a small degree of weakening (a factor of <2) of the entire aggregate caused by a solution-precipitation mechanism [Cooper et al., 1989; Hirth and Kohlstedt, 1995; Zimmerman and Kohlstedt, 2004] . While a moderate degree of melt-induced solution-precipitation enhanced creep may have taken place during our experiments, water-induced partial melting of the samples did not take place during deformation as evidenced by constant melt fraction in both deformed and undeformed aggregates.
Viscosity
[32] Viscosities of the anhydrous and hydrous aggregates, calculated from the stress-strain rate data from all experiments performed at a pressure of 300 MPa, are plotted in Figure 11 as a function of inverse temperature. The viscosity of a creeping aggregate, defined as the ratio of the applied stress to the strain rate, can be obtained from the flow law. Since the strain rate is proportional to the applied stress in the diffusion creep regime, viscosity is independent of stress. The data in the plot were fitted using a nonlinear least squares fitting routine to an expression of the form
where h o , the preexponential term, is the viscosity of an aggregate with a grain size d o at infinite temperature. The fits, overlaid on the data points in Figure 11 , were made for d = d o = 10 mm with Q = 760 kJ/mol for the anhydrous and Q = 340 kJ/mol for the hydrous aggregates. Notice that the Figure 11 . Arrhenius plot of viscosity of the anhydrous (open symbols) and water-saturated (solid symbols) clinopyroxene aggregates deformed in the diffusion creep regime. The lines are fits to the viscosity data calculated using the activation energies reported in Table 3 .
water fugacity dependence for the hydrous aggregates is contained in the preexponential term h o . The values of the parameters in equation (5) are given in Table 4 . The value of R 2 for the fits for anhydrous and water-saturated viscosities were 9.3 Â 10 À3 and 7.5 Â 10
À3
, respectively.
Comparison With Other Minerals and Compositional Dependence of Strength in Clinopyroxene
[33] Flow laws for diffusion creep under anhydrous and water-saturated conditions of olivine [Mei and Kohlstedt, 2000a] , clinopyroxene (this study, [Bystricky and Mackwell, 2001] and [Dimanov et al., 2003] ), and anorthite [Rybacki and Dresen, 2000] are compared in Figure 12 . Among the three flow laws for clinopyroxene aggregates compared in this plot, ones from this study and the study of Bystricky and Mackwell [2001] were obtained from samples prepared from ground powder of Sleaford Bay clinopyroxenite, whereas the flow law from the study of Dimanov et al. [Raterron and Jaoul, 1991; A. Dimanov, personal communication, 2005] , yielding an Fe:Mg ratio of $0.04, nearly an order of magnitude smaller than the Fe:Mg ratio of $0.33 in the samples used in this study and by Bystricky and Mackwell [2001] . The olivine and anorthite flow laws were obtained from creep tests performed on ground San Carlos olivine crystals [Mei and Kohlstedt, 2000a] and polycrystalline aggregates prepared from crushed anorthite glass [Rybacki and Dresen, 2000] . All flow laws except for that from the work of Dimanov et al. [2003] were obtained at a confining pressure of 300 MPa.
[34] Comparisons with creep data from olivine and anorthite indicate that water weakening is most pronounced in clinopyroxene. The viscosity of anhydrous olivine and clinopyroxene aggregates obtained from flow laws of Mei and Kohlstedt [2000a] and Bystricky and Mackwell [2001] are very similar, while the viscosity of anhydrous anorthite obtained from the flow law of Rybacki and Dresen [2000] is slightly stronger than olivine and clinopyroxene at 1423 K and 300 MPa. All strain rates used in the comparison were normalized to a 3D grain size of 10 mm. The flow laws for the water-saturated aggregates indicate that water weakening is more effective in clinopyroxene than in olivine and anorthite. The ratio of the strain rates obtained under watersaturated and anhydrous environments at T = 1423 K, P = 300 MPa, s = 20 MPa, and d = 10 mm are $19, 5, and 3 for clinopyroxene, olivine, and anorthite, respectively. The water-saturated clinopyroxene aggregates from this study are about an order of magnitude weaker than the watersaturated olivine aggregates from Mei and Kohlstedt [2000a] and about a factor of 30 weaker than the watersaturated anorthite aggregates from Rybacki and Dresen [2000] . While under anhydrous conditions the viscosity of a polyphase aggregate will be controlled either by clinopyroxene or olivine, under water-saturated conditions clinopyroxene will become the weakest component in the assemblage and will accommodate most of the strain.
[35] The activation energy for grain boundary diffusion controlled creep of anhydrous clinopyroxene aggregates (760 kJ/mol) is much higher than that of water-saturated aggregates (340 kJ/mol). This observation contrasts with the temperature dependence of creep strength of synthetic olivine bearing aggregates, another major component of the lower crust and the upper mantle. The activation energy for diffusion controlled creep in olivine is 375 kJ/mol under both water-saturated and anhydrous conditions [Hirth and Kohlstedt, 2003; Mei and Kohlstedt, 2000a] . However, the activation energy for grain boundary diffusion creep of anhydrous anorthite aggregates is 470 kJ/mol which is higher than the activation energy of 170 kJ/mol for watersaturated anorthite aggregates [Rybacki and Dresen, 2000] .
Comparison of the temperature dependence of viscosities of anhydrous and water-saturated clinopyroxene, olivine, and anorthite aggregates reveals a number of facts, as illustrated in Figure 13 . In this Arrhenius plot of viscosity as a function of inverse temperature, anhydrous clinopyroxene aggregates become more viscous than anhydrous olivine aggregates at temperatures ]1385 K and more viscous than anhydrous anorthite aggregates at temperatures ]1350 K. However, at temperatures^1460 K, anhydrous clinopyroxene aggregates become less viscous than both anhydrous anorthite and anhydrous olivine aggregates. Also at temperatures ]1350 K hydrous olivine becomes more viscous than hydrous anorthite aggregates. For the entire range of temperature considered in this plot, hydrous clinopyroxene aggregates remain the least viscous of the three phases. Comparison of the flow behavior under anhydrous and water-saturated conditions of each mineral also reveals that the viscosity contrast between anhydrous and water-saturated clinopyroxene aggregates increases with decreasing temperature more strongly than it does for anorthite aggregates, while no such variation with temperature is seen in olivine.
[36] Comparison of the different clinopyroxenite flow laws also indicate a strong compositional dependence of the strength of clinopyroxene bearing aggregates. The large strength contrast between the Mg-rich clinopyroxene [Dimanov et al., 2003] and Sleaford Bay clinopyroxenite used in this study and by Bystricky and Mackwell [2001] in Figure 12 possibly arises due to the large contrast in the Fe-Mg ratios in the two aggregates. Notice that Sleaford Bay clinopyroxenite contained 1 vol % melt, while the DiC samples of Dimanov et al. [2003] contained 3 -4 vol % silica rich melt under the temperature indicated in the plot. Since both of these aggregates contained a small amount of melt, the large contrast in the strength is not caused by the presence of melt. Although the data from these two different clinopyroxene compositions are not sufficient for obtaining a quantitative relationship between the viscosity and the Fe content of clinopyroxene, qualitatively, the trend is quite similar to that of olivine [Ricoult and Kohlstedt, 1985; Zimmerman et al., 2004] .
Conclusions
[37] 1. Our experimental results demonstrate that the creep strength of synthetic clinopyroxenite deforming in the grain boundary diffusion controlled creep regime is a factor of $30 smaller under hydrous conditions than under anhydrous conditions at a temperature of 1400 K and a pressure of 300 MPa.
[38] 2. The activation energy in the grain boundary diffusion controlled creep regime is almost a factor of 2 larger under anhydrous conditions (760 ± 20 kJ/mol) than under water-saturated conditions (340 ± 30 kJ/mol). As a consequence, the water-weakening effect in clinopyroxenite is greater at lower temperatures than at higher temperatures.
[39] 3. The effect of water on the flow viscosity of clinopyroxene-rich aggregates is much larger than on the flow viscosity of olivine-rich or anorthite-rich aggregates, within the ranges of temperature and pressure investigated in this study.
